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This project examines the effect of black liquor carryover from the 
brownstock washing section on the bleach plant effluent qualities of 
COD. Black liquor carryover not only directly effects the organic 
loading to the effluent treatment plant but also interferes with 
bleaching chemicals during the bleaching sequence. The goal of the 
project was to establish the relationship and quantify the effects of 
this carryover on the bleaching effluent COD. Samples of pulp were 
spiked with black liquor and then bleached by a D-E bleaching 
sequence to a specific target Kappa number. The effluents from both 
of the bleaching stages were analyzed for the organic wasteload in 
terms of COD. The effect of the carryover on the COD of the chlorine 
dioxide stage effluent is increasingly more significant as increasing 
amounts of carryover are used. The carryover cannot be shown to 
have any effect on the COD of the extraction stage of the bleaching 
process. This Is a direct reversal of the carryover effects when using 
a typical chlorination first stage bleaching, where most of the effluent 
COD is from the extraction stage of the bleaching process. The 
information from this project can be utilized to determine if improved 
washing efficiency will eliminate the need for additional wastewater 
treatment to meet the proposed Federal regulations. 
Introduction: 
This project examines the effects of black liquor carryover from the brownstock 
washers on bleach plant effluent COD (Chemical Oxygen Demand). Bleach plant 
effluents are one of the major contributors to the oxygen demand of a pulp mill 
waste stream, typically over 50% of the BOD in combined mill effluent originates 
in the bleach plant.(1) Several factors influence the characteristics of this effluent 
stream, including the chemical charge on the pulp, the organic loading in the first 
bleaching stages, ending pH, the change in the Kappa Number of the pulp, as well 
as the bleaching sequence.( 1) 
Brownstock Washing: 
The objective of brownstock washing is to remove all but the bound 
constituents of the liquor on the pulp with a minimal amount of dilution. Several 
factors effect the efficiency of the brownstock washing stage including; quality of 
wash water, displacement ratio, nature of the pulp, air entrainment, temperature, as 
well as physical parameters of the washer unit.(2) Some of the more common 
problems associated with the washer unit include non-uniform distribution of pulp 
across the drum, shower distribution profile, and an even consistency profile across 
the drum.(3) Some of the recent improvements in washer design have included a 
compaction zone, pressurized drum enclosure instead of vacuum drums, and pond 
washing.(4) Past procedures often compensated for inadequate washing of the pulp 
by the addition of sulfuric acid, to neutralize the pulp and overcome the effect of 
alum precipitation oflignosulfates from the acid soluble portion of the liquor 
carried over, but this practice has been shown to drastically decrease burst strength 
in linerboard pulps.(5) As in any process, the time and cost constraints limit the 
true efficiency of the washing process before the pulp is passed on to the next stage 
and eventually to the bleach plant. The amount of black liquor that is carried over 
into the bleaching stage effects the COD of the bleach plant effluent directly by the 
organic content of the liquor. In addition this carryover also interferes with the 
efficiency of the bleaching chemicals, leading to increased bleaching chemical 
costs. Black liquor carryover also leads to increased salt cake makeup due to the 
loss of the sodium ions in the carryover portion of the black liquor. A portion of 
sodium and organic fraction of the black liquor are actually bound by adsorbtion 
onto the surface of the fibers. This loss represents the minimal amount of carryover 
that a theoretically perfect washing stage would still exhibit. Due to the required 
makeup, with directly identifiable costs, the inorganic or sodium portion of this 
carryover has been investigated thoroughly with a fair understanding of the 
mechanisms by which sodium is transferred. Several factors effect the desorption 
of sodium from the fibers including pH, pulp type, and cation concentrations as 
well as their ionic strength.(2) The non-bound portion of the black liquor is 
theoretically available for displacement or diffusion and its recovery is the 
objective of improved washer efficiency. While some research has found that the 
rate of sodium diffusion will not reach equilibrium for up to three hours, Edwards 
and Rydin have shown that these experiments were performed in non-continuous 
stirring chambers and that with continuous mixing a first order mass transfer time 
rate constant exists which varies between 10 to 60 seconds for low Kappa kraft 
pulps.(6) This information indicates that at least the inorganic components of the 
liquor are readily transferable in the first bleaching stages. When considering the 
organic fraction of the black liquor carryover, the factors which effect transfer are 
less studied and less understood. As with the inorganic portion of the carryover the 
organic components will have a bound portion that may actually be "bound" to the 
fiber more by lack of solubility than by the mechanism of adsorption.(2) In 
addition, the diffusion oflignin fragments, thought to be primarily from the second 
cell wall as opposed to the cell comers, will transfer preferentially with regard to 
the smaller lighter fragments.(2) The factors that effect this transfer of the organic 
fraction with regard to COD are much less understood than the mechanisms which 
effect the sodium transfer. This information indicates that the mechanisms by which 
BOD and COD are diffused from the fiber mat during the brownstock washing 
stage are much less understood than the processes which regulate diffusion of the 
sodium from this mat.during the same process. This is largely due to the fact that 
the organic fraction may be seen as coming from multiple sources (i.e. both lignin 
and cellulose) while the inorganic fraction is primarily from residual black liquor 
only. A 1974 NCASI laboratory study established a relationship between the 
sodium ions of black liquor and the BOD which suggests that a linear correlation 
could be established between sodium and effluent oxygen demand qualities (2). 
This relationship is influenced by several factors which complicate universal use 
including; process physical conditions such as use of additives and types of 
suspended solids from the pulp as well as operation parameters such as wood 
species, cooking variations, and the Kappa Number of the pulp.(2) Several 
methods have been used to reduce the amount of BOD loading into the bleach 
sequence. These include using pressure diffusion washers before the blow tank, 
extended and oxygen delignification, using the bleach plant effluent as wash liquid 
in brownstock washers, and improved brownstock washing.(7, 8, 9) For the 
purposes of this project the examination will be limited to the study of the effects of 
reducing the carryover of the non-bound portion of the black liquor by improving 
brownstock washer efficiency. 
EPA Regulations: 
The newly proposed EPA regulations as set forth in December of 1993 suggest 
new standards for the industry effluent streams by proposing limiting the discharges 
on the basis of chemical oxygen demand tests and imposing more restrictive limits 
on the standard BOD5 tests. By using COD as a limiting quality for the effluent 
stream the EPA has placed severe restrictions on the effluent stream, and for some 
mills this may necessitate the use of additional waste treatment to meet the 
proposed limits. Because both organic and inorganic carbon are consumed in the 
COD test, the COD will almost always show a higher oxygen demand than the 
BOD5, but for the same waste there does exist a linear correlation between COD 
and BODs. These newly proposed regulations are forcing the industry to study all 
the sources of pollutants and methods by which their quantities in the effluent 
stream may be decreased without extravagant capital investment. 
Bleaching: 
The first two stages of the bleaching sequence have been shown to produce most 
of the effluent BOD and color loading and therefore will be the only stages used in 
this project.(1,8) Typically the first stage was either a chlorine or chlorine, with 
partial chlorine dioxide substitution, which in small quantities acts as a chlorine 
radical scavenger to prevent cellulose degradation.(10) Chlorine has been shown 
to produce products that oxidize to highly colored quinones, this is shown to be 
most significant at about 100% of the chlorine demand for the pulp, decreasing if 
the chlorine charge is either above or below this amount.(8) Newer technologies 
have improved this stage by adding the chlorine in several stages to prevent excess 
chlorine charge at the initial contact and an insufficient chlorine charge as contact 
time reaches the end, this also has the increased benefit of reducing the formation of 
both tetrachlorinated phenolics and the dioxins TCDD and TCDF when used with 
pH control by caustic addition of the "C" bleaching stage.(11) The typical "C" 
stage of bleaching has seen modifications to a ECF (Elemental Chlorine Free) 
sequence, both to reduce chlorinated organic compounds and reduce viscosity 
losses. These new sequences require total chlorine dioxide substitution for the 
chlorine stage, and have been shown to decrease the BOD5 of the bleach plant 
efiluent.(8) Chlorine dioxide has 2.5 times the oxidative power of chlorine on 
lignin but is selective to the lignin fraction and does not significantly lower the 
viscosity of the pulp indicating that there is little cellulose degradation. 
• 
Research Justification: 
The necessity of research in this area is apparent by the lack of such prior 
experimentation, and increased limitations proposed for the pulp and paper industry 
by Federal agencies. Although information from this project will be specific to the 
project, industry can use the results for economic estimates in developing improved 
brownstock washing systems with specific process variables set to remain static. 
(i.e. pulp type, Kappa number ... ) 
Goals: 
The primary goal of this project was to determine what relationship exists 
between the amount of non-bound black liquor carryover and the quality of the 
bleaching effluent with respect to the COD. Since only one specific pulp type from 
the same pulping batch will be used, a correlation can be made using the sodium 
losses from the carryover as a basis, but care must be taken because the results will 
be specific to this pulp and not expandable to different mills with different pulping 
methods or raw stock. 
Objectives: 
The objective of this project is to consider a decrease in black liquor carryover 
from brownstock washing improvement and quantify the increased savings from 
bleach plant chemical savings, salt cake makeup savings, effluent treatment 
savings, and increasing the available margin of loading between the EPA limit and 
the actual measured end of pipe effluent quality. 
Methodology: 
This project used hardwood pulp due to the reduced tendency for bound black 
liquor on hardwood as compared to softwood. This pulp was obtained from the last 
brownstock washer at S. D. Warren Mill at Muskegon Michigan. A sample of 
weak black liquor was also be obtained from this mill's washer filtrate line and was 
analyzed for sodium ion concentration by atomic absorbtion. This measurement 
will be converted to the mass of salt cake per unit volume black liquor by the 
method shown in the Appendix 2. ·1·he hardwood pulp was washed by dilution and 
filtering several times to remove all but the bound constituents on the fibers. Pulp 
samples of approximately 15 grams oven dry (OD) fiber were bleached using a D -
E sequence to a resultant Kappa Number of3.5. The separate eflluents from each 
stage were analyzed for COD. Before the bleaching, a pre-determined charge of 
weak black liquor was added in quantities of 0, 20, 40, and 60 pounds salt cake 
makeup per ton of OD pulp. These amounts ofsaltcake makeup were used 
because it was found in other experiments that extractable soda losses from washers 
ranged from 16.3 lb. makeup/ADT to 46.2 lb. makeup/ADT and these values . 
would thus be included within the range of makeup studied in this project.(2, 3) 
The amount of chlorine dioxide charge used in each test run was incrementally 
increased until the Kappa Number of3.5 was obtained. Each run was duplicated to 
decrease the effect of experimental error and outlying deviations, if the Kappa 
Number of the pair of samples were not within toleration limits of± 0 .1 the test 
results was not used in the discussion. 
Some of the typical methods ofClO2 generation in a mill setting include the 
Mathieson process, Solvay process, and the R type processes, with chemical 
reactions shown in Appendix 1. All these processes produce a low pressure ClO2 
gas, about 1.5 psi, and are absorbed almost immediately by 40° to 45° F chilled , 
water. In this project the chlorine dioxide solution was prepared by reducing 
sodium chlorate in an sulfuric acid solution, giving off ClO2 gas which is absorbed 
by chilled water to a concentration of about 10 g/L. The initial charge of ClO2 on 
the pulp was determined by using the concentration of the ClO2 solution and the 
amount of weak black liquor spike in the pulp sample. 
Typical conditions for the chlorination stage include temperature 90 to 119°F 
with a residence time of30 to 60 minutes, and a consistency of2.7 to 3.3%.(14) In 
this project the chlorine dioxide stage of the bleaching sequence varied the chlorine 
dioxide charge to achieve the target 3.5 Kappa Number, on a 2% consistency pulp 
with a bleaching contact time of one hour. These conditions are used because in 
laboratory bleaching a lower consistency will promote better chemical contact with 
the fibers, and the relatively long residence time is used to decrease the residual 
chlorine dioxide after the ClO2 stage. The extraction phase of the bleaching 
sequence will have 4% NaOH chemical charge on a 3% consistency pulp with an 
extraction contact time of one hour. These condition parameters are used to provide 
adequate lignin removal from the pulp sample, and to meet a target Kappa Number 
that is representative of typical industry values. 
Experimental Methods: 
002 Preparation: 
The chlorine dioxide preparation started by chilling a liter of water to 4°C. One 
liter of this chilled water was poured into a large clean beaker. To this, 6.7 grams 
of sodium chlorate (NaC1O2) was dissolved in the water. The solution was slowly 
acidified by adjusting a burette to add 50 ml of 4 Normal sulfuric acid drop by 
drop over a 10 minute period. The solution slowly changed to a green yellow 
color. When all the acid was in solution the chlorine dioxide concentration of the 
solution was determined by pipetting 10 ml of solution into 150 ml of distilled 
water then adding 10 ml of potassium iodide (KI) and 10 ml of 4 Normal sulfuric 
acid (H2SO4) then titrating this using sodium thiosulfate (Na2S2O3) , the 
concentration in grams per liter ClO2 is calculated by multiplying the amount of 
titrant by a conversion factor of .713, as seen in Appendix 2. 
Bleaching: 
The sample of pulp, taken from the brownstock washer section at the S.D. 
Warren pulp and paper mill in Muskegon, was first washed several times with 
water to remove all but the adsorbed component of the black liquor carried through 
with the pulp. This pulp was then diluted into a slurry of about 3% consistency, 
five representative samples of this pulp containing approximately 15 grams of oven 
dried fiber each were taken from a large bucket of the pulp and put into a ziplock 
freezer bag. To these samples a calculated amount black liquor was added in 
amounts that related to approximately 0, 20, 40 and 60 pounds of the pulping 
makeuo chemical. saltcake. Then another calculated amount of chlorine dioxide . , 
bleaching solution was added to the ziplock bag and the pH adjusted to a value of 
about 4 by addition of acetic acid. These bags were then put into a water bath for 
60 minutes at l 70°F. At the end of this time the pulp was transferred from the 
ziplock bag into a vacuum drainage funnel and drained with a wash of250 ml of 
boiling hot water. The drained pulp was then diluted using 500 ml of boiling hot 
sodium hydroxide caustic solution at approximately 4% NaOH on the fiber weight. 
This Extraction stage was then placed in the water bath at 170°F for another hour. 
At the end of this time the pulp was then transferred to the drainage funnel and 
washed again with 250 ml of boiling hot water. These drainage's and washes were 
saved in separate containers until the lignin content of the pulp samples were 
determined using Kappa Number tests. The drained fiber pads were put into the · 
oven and allowed to dry overnight to record the actual weight of the total fibers in 
the sample. The next day the samples were weighed and tested for Kappa Number 
with a target Kappa Number of 3. 5 ±0 .1. The Kappa number test is a 
determination of the amount of potassium permanganate (KMnO4) that a sample of 
pulp consumes over a ten minute time period. This test yields a value that is 
proportional to the amount of lignin remaining in the pulp sample. 
Kappa Number: 
The Kappa Number is a determination of the lignin content of a pulp sample, 
and uses potassium permanganate consumption by the pulp as the method of 
determination. First the amount of sample necessary to consume 50% of the 100 
ml of 0.1 Normal potassium permanganate is roughly calculated using a formula 
given in the instructions for the test. This amount was roughly between 8 to 10 
grants of dried fibers for this experiment. The exact amount of the sample was 
recorded and the pulp was then dispersed in 25°C water and blended for two 
minutes to disperse the fibers evenly. The slurry was then put into a large 2000 ml 
beaker and diluted with 25°C water to 800 ml total volume. To this beaker was 
added 100 ml of0.1 Normal potassium permanganate and 100 ml of 4 Normal 
sulfuric acid with the time being marked down at the time of addition. When 
exactly 10 minutes had elapsed the reaction was stopped by the addition of 10 ml 
of2N potassium iodide, the beaker was then titrated with 0.1 N sodium thiosulfaie 
until all color was gone. A blank of the test was also run at the same time under 
the exact same conditions with the exception that except that no pulp was included, 
after the same ten minutes this blank was also titrated using the same sodium 
thiosulfate. The amount of the titrate used in both the sample and the blank were 
recorded and used to determine the Kappa Number of the pulp as shown in the 
sample calculation section of Appendix 2, if the Kappa Number was 3.5 ±0.1 then 
the drainage filtrate was saved for COD determination. The procedure for the 
Kappa Number is given in T APPi Test Procedures (15). 
COD Testing: 
When all of the samples with the required Kappa Number were acquired they 
were taken to the NCASI Laboratories and stored under chilled conditions. A 2 ml 
sample of the filtrate from each of both the chlorine dioxide and extraction stage 
were loaded into a prepared COD testing vial and put into a heating block 
maintained at 150°C under reflux for a period of two hours. At the end of this 
period the vial was emptied into a dish and titrated with ferrous ammonium sulfate 
solution. A blank is also run at the same time for determination of both the 
normality of the ferrous ammonium sulfate titrate and the amount of COD in pure 
water. TI1e amount of the titrate used in each case was recorded and used to 
determine the COD in mg ofO2 per liter of solution. The procedures for this COD 
test were directly taken from Standard Methods of Water and Wastewater 
Examination( 16). 
Results: 
This project generated some unexpected results, yet as expected the general 
finding was that increasing the organic waste load into the bleaching sequence does 
increase the organic waste load out of that process. The data and the resulting 
calculations are listed in the Tables section of the results. Table 1 is the data from 
ClO2 concentration tests and the concentration of the sodium in the black liquor. 
Table 2 shows the calculations for liquor addition, chlorine dioxide charge and 
Kappa Number calculations. Table 3 shows the resulting calculations of the 
effluents from each of the bleaching stages and the resulting total COD. Tables 4 
show the chlorine dioxide analysis and regression from the determination of the 
increased chlorine charge to achieve the necessary Kappa Number. Table 5 
indicates averages of the duplicate runs and is used in Figure 4 data points. Tables 
6A and B show the results ofthe regression analysis onjust the extraction stage of 
the bleaching sequence. Tables 7 A B, and C show the data points and the analysis 
of the total COD using both a linear regression and an exponential regression as 
shown in the formula bold boxes. Tables 8A and B show the cost analysis of the 
increased carryover and are used in Figure 6. Tables 9A B, and C use a 
polynomial regression of the amount of saltcake makeup to predict both total COD 
and the COD for just the chlorine dioxide stage. Table 9B shows the regression 
analysis results for total COD while Table 9C show the analysis results for the 
chlorine dioxide stage only. 
First examining Figure 1, it is easy to see that an increase in the amount of 
black liquor actually carried over to the bleaching sequence does significantly 
effect the oxygen demand of the chlorine dioxide stage effluent, and appears to 
have more significant effects as the amount of carryover increases, this is justified 
by the polynomial expression used in deriving the curve points which closely match 
the actual data points. The regression analysis statistics are given in Table 9C and 
use the amount of makeup chemical in both first order and second order to make 
the predictive curve. Figure 2 shows both the regression and the eight data points 
of the caustic extraction COD and although this line shows a general increasing 
slope the regression value of "r" as seen in Table 6B is 0.26 which is well below a 
minimum of0.707 indicating that the slope of this line cannot be statistically 
assumed to have a value of above zero. Since the slope of this line may be zero this 
indicates that increased carryover may have no effect on effluent COD from the 
extraction stage. Figure 3 shows the data points of the combined COD for both the 
chlorine dioxide stage and the extraction stage and shows the same, albeit less 
drastic, exponential increase of oxygen demand as exhibited by the chlorine dioxide 
stage alone. By examining the scales of the two previous figures the chlorine 
dioxide stage clearly overwhelms the caustic extraction stage as far as COD levels 
are concerned with the former starting at nearly twice the level of the latter. Figure 
J also shows the three regressions performed on the data points, with the 
polynomial regression using the saltcake makeup quantity both linearly and 
squared to fit a function to the data points. The resulting curve clearly fits the 
experimental data points more closely than either the linear or exponential 
regressions. The statistics for these regressions are given in Tables 7B, 7C and 9C 
for the exponential, linear and polynomial regressions respectively. Clearly the r2 
value for the polynomial regression indicates the best fit to the curve. Figure 4 
indicates the general trends associated with increasing carryover on each filtrate 
separately and then together, this data is an average of the duplicate runs and uses 
Table 5 for the points. Figure 5 shows that increasing the carryover linearly 
increases the amount of bleaching chemical necessary to achieve a predetermined 
Kappa Number. The regression of these data points is given in Table 4B and has 
an r2 value of very close to one, indicating a good fit to the actual data. Figure 6 
shows a cost analysis of the resulting increased chemical costs due to increased 
carryover. Most of the cost is directly attributable to the amount of bleaching 
chemical necessary to bleach to a target Kappa Number. This may be due to the 
fact that the cost for the raw materials to produce chlorine dioxide is twice that of 
the cost of saltcake makeup on a mass basis, as seen in Table 8A (17). The cost 
analysis data is given in Tables 8A and 8B, the resulting determinations used 
· chemical costs as given by chemical supply companies. 
Discussion: 
The seemingly odd result of the extraction stage not being effected by increased 
black liquor carryover due to statistically insignificant values of "r" does not 
necessarily mean that this is the case just that it is statistically indeterminate. It is 
clear though that the extraction stage is much less effected by the increased 
carryover than the chlorine dioxide stage. When compared to the results from a 
previous similar thesis ( 18), which used a chlorination stage first stage, indicates 
that the majority of the oxygen demand of the wasteload is switched from the 
extraction phase using first stage chlorination to the chlorine dioxide bleaching 
stage when using complete substitution. The chlorine dioxide stage may also be 
affected in an exponential manner rather than the linearly increasing relationship 
that would be expected merely from a linear increase in incoming wasteload. This 
exponential increase is best described using a polynomial regression which uses 
saltcake makeup as the independent variable in both first and second order. This 
indicates that the increase in COD could possibly be predicted using experimental 
data from the actual process and performing polynomial regressions on this. This 
could even be made easier by assuming that the extraction stage is not affected by 
the increased carryover and performing the regression on only the first stage 
bleaching effluent COD. It is also clear that the increase in carryover shows a very 
linear increase in the amount of bleaching chemical used to achieve the required 
Kappa Number. Thus the predictive nature of increasing the carryover on the 
bleaching chemical could also be determined easily using actual mill trial 
experimental data. Chemical cost data could also be easily determined using mill 
trials and recording the chemical losses into the recovery process and the amount of 
bleaching chemical used to bleach to the ending Kappa Number. 
Difficulties: 
Most of the problems associated with this project were related to the 
indeterminacy of the amount of pulp used in each trial. A sample of wet pulp 
weighed out to a specific weight could vary slightly as to the amount of OD fiber in 
the sample. This made for the possibility of slight variability in terms of both black 
liquor addition charge and chlorine dioxide charge amounts relative to the amount 
of OD fiber in the sample. In addition, the bleaching process actually consumes 
some of the OD weight and the ending recorded weight is almost certainly less than 
the initial dry weight of the fibers. To compensate for this indeterminacy a series of 
five trials were run at once with the liquor charge in terms of ml of weal black 
liquor remaining the same for each of the series and the amount chlorine dioxide 
charge increased in regular increments. This allowed for the extrapolation of a data 
series which was then used to predictive manner to determine the proper amounts of 
chlorine dioxide necessary to achieve the required Kappa Number in each of the 
trials. 
Conclusions: 
Increasing black liquor carryover from inefficient brownstock washing shows a 
direct linear relationship to the amount of bleaching chemical necessary to bleach 
to a predetermined Kappa Number. This increased carryover increases the effluent 
wasteload in terms of chemical oxygen demand of the waste and this effect may 
become more significant as the amount of carryover increases. The amount of 
black liquor carryover cannot be assumed to have any effect on the chemical 
O>,.')'gen demand of the extraction stage of the bleaching effluent when using 
complete chlorine dioxide substitution in the first stage. The costs associated with 
the increased carryover come from two major sources, the direct cost of pulping 
chemical makeup in terms of saltcake makeup and increased bleaching chemical 
costs with the bleaching chemical outweighing those from the pulping chemical 
makeup. 
Funding: 
All funding was directly obtained from school grants and personal finances with 
additional resources of chemicals from the University and the COD vials and 
titration materials from NCASI. Pulp samples and black liquor were donated by 
S.D. Warren, a regional mill. 
Facilities and Equipment: 
All the facilities used were located at Western Michigan University and the 
NCASI laboratories located on campus. The equipment used in this project will be 
the standard laboratory bleaching utensils such as beakers, and funnels, COD tubes 
as shown in Appendix 3. 
Budget: 
The budget of this project was minimal, pulp samples and the weak black liquor 
were donated by a regional pulping mill, the S.D. Warren in Muskegon. The 
laboratory equipment and chemicals were all available at the University without 
need for monetary compensation. The only personal money allocated to this 
project was $50 for the laboratory analysis of the sodium content of the black 
liquor and the money used for presentation materials. 
Recommendations: 
The data clearly shows that a second order polynomial regression can be very 
predictive in the COD qualities of the bleaching effluent. Using mill scale trials 
experimental data could give a predictive empirical equation that could be used to 
effectively determine the cost savings of increased efficiency of the brownstock 
washing section for that particular mill using similar wood species. It may also be 
recommended that if trials of this kind are done a COD test on the black liquor to 
compare the COD into the bleaching process to that which exits, as this may not be 
a linear relationship. 
Thomas Bishop 
Senior Thesis Project 
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Sltck Total Cost TablelC 0.0304855 1.752985 19.4949 ErrofCoeff 
0.0 $24.00 1"2 0.9917434 27.7277 "#IN/A Err Yest 
24.9 $42.80 F 300.28959 5 tN/A Deg Fr 
47.5 $60.27 Sums 481740.61 3844.128 "#IN/A 
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Appendix 1: 
Industrial Chemical Reactions for CIO2 generation: 
Mathieson Process 
S02 + 2c103· -----> 2Cl02 + s04·2 
Solvay Process 
3Cl03· +CH30H + 2H+ ------> 3Cl02 + H20 + Methanol Oxidation Products 
R2 Process 
c103· + c1· + 2H+ ------> CI02 + 1/2Cl2 + H20 
Appendix 2: 
Sample Calculations 
Black Liquor Saltcake Concentration: 
Density Black Liquor= 112.56 g/100 ml= 1125.6 g/liter 
34.7 g Na/kg Black Liquor (BL) 
34.7g Na/kg BL*(lkg BUl000g BL)*(l 125g BUI BL)*(142g Na2SO3/46g 
Na2) = 120.6 g Saltcake Makeup per liter of Black Liquor 
Dilution:100 ml BL into 1000 ml volumetric Flask 120.6 g/1/10 = 12.06 g 
Na2SOil 
Cl02 Concentration: 
15 ml Na2S2O3 titrate used 15*0.713 = 10.695 g ClO2/liter solution 
Kappa Number Test: 
30 ml Na2S2O3 titrate used in test 
49.5 ml Na2S2O3 titrate used in blank 
10.6 g OD pulp used in test 
By fTable in Kappa Number Test 
fTable given in Appendix 5 
=39*0.977/10.6= 3.6 
COD Test: 
(49.5-30)*.2/.l = p = 39 
f = 1-(30/49.5) = 0.394 = 39% 
for 39%; f= 0.977 
Kappa Number = fl'p/weight 
COD mg Oi/1 solution = (B-A)*Molarity*8000/ml Sample 
Molarity FAS= 0.208*1.5/ml FAS titrate used in Blank 
Blank= 6.8 ml FAS @2ml sample size 
COD= 5.7 ml FAS @2ml sample size 
Molarity = 0.208* 1.5/6.8 = .0458 M 
COD= (6.8-5.7)*.0458*8000/2 = 202 mg 0 2/1 
Appendix 3: 
List of Equipment Used 
• Zip Lock Bags 
• 2 Burettes 100 ml 
• 3 Pipettes 50 ml 
• Asst. Pipettes (1 ,5,10,25 ml) 
• Buchner Funnel and filter pads 
• Bunsen Burner 
• Tri-pod Heating Stand 
• Asst. Beakers (25, 50, 100, 250, 500ml) 
• 4 Large Beakers 2000 ml 
• Disintegrator (Blender) 
• 2 Constant Temperature Water Bath 1@170°F and 1@25°C 
• Chronometer 
• 100 & 20 mesh wire screen 
Appendix 4: 
Chemicals Used 
1. Kappa Number 
• Potassium permanganate 0.1 N KMn04 
• Sodium Thiosulfate 0.2 N Na2S20 3 
• Potassium Iodide 2.0 NKI 
• Sulfuric Acid 4 N H2S04 
• Starch Indicator solution 0.2% 
2. Preparation of CI02 solution 
• Deionized water @ 4 °C 
• Sodium Chlorite 6. 7g NaCl02 / 1000ml H20 
• Sulfuric Acid 4 N H2S04 
3. Analysis of CI02 Solution 
• Sulfuric Acid 4 N H2S04 
• Sodium Thiosulfate 0.2 N Na2S203 
• Potassium Iodide 1 N KI 
• Starch Indicator solution 2% 
4. Bleaching Sequence "D-E" 
• Cl02 Solution 
• Boiling hot distilled water (for wash and extraction) 
• Dilute acetic acid 
• NaOH 0. 7 grams 
Appendix 5: 
f Table as given in Kappa Number Test Tappi T 236 cm-85 
f+0 1 2 3 4 5 6 7 8 9 
30 .958 .960 .962 .964 .966 .968 .970 .973 .975 .977 
40 .979 .981 .983 .985 .987 .989 .991 .994 .996 .998 
50 1.000 1.002 1.004 1.006 1.009 1.011 1.013 1.015 1.017 1.019 
60 1.022 1.024 1.026 1.028 1.030 1.033 1.035 1.037 1.039 1.042 
70 1.044 
